Abstract-Using an AlGaAs-GaAs waveguide structure with a six-stack InAs-InGaAs "dots-in-a-well" (DWELL) gain region having an aggregate dot density of approximately 8 10 11 cm 2 , an optical gain of 18 dB at 1300 nm has been obtained in a 2.4-mm-long amplifier at 100-mA pump current. The optical bandwidth is 50 nm, and the output saturation power is 9 dBm. The dependence of the amplifier parameters on the pump current and the gain recovery dynamics has also been studied.
I. INTRODUCTION

R
ECENT progress in quantum dot (QD) technology has led to the development of unique QD laser diodes with low threshold current, high output power, high temperature stability, high modulation bandwidth, and low chirp [1] - [6] . Also, QD semiconductor optical amplifiers (QD-SOAs) have very promising features that could provide breakthrough improvement of SOA performance in optical networks. There is more than an order of magnitude decrease of the gain recovery time [7] - [13] and of the linewidth enhancement factor [14] - [16] , resulting in reduction of signal distortions caused by cross-gain and cross-phase modulation. Moreover, similar to QD lasers, QD-SOAs could have a lower power consumption and a higher temperature stability than common multiple-quantum-well (MQW) and bulk SOAs. Theoretical simulations of QD-SOAs [17] have shown that the QD-SOA could achieve very good performance: saturation power of dBm, gain above 45 dB, and noise figure of about 4 dB at the same time. Last but not least, the QD technology allows the mixing of different sizes of dots in one structure to realize extremely broad-band amplifiers ( 300 nm) with inhomogeneous broadening [14] , [18] - [20] .This feature would be especially promising for use in broad-band wavelength division multiplexing (WDM) systems. In this paper, we report on such parameters of a 1300-nm QD-SOA as gain, saturation power, linewidth enhancement factor, and noise figure. The dependence of some amplifier parameters on pump current and the gain recovery dynamics has been also studied.
II. RESULTS
A six-stack InAs-InGaAs "dots-in-a-well" (DWELL) amplifier structure was grown by solid source molecular beam epitaxy (MBE) on a (001) GaAs substrate using conditions and design criteria similar to those published previously [21] , [22] , the only exception being the number of QD layers. As shown in Fig. 1 , the average dot density in a layer is about cm . This is among the highest values that have been achieved for GaAs-based QD optoelectronic devices emitting at greater than 1300 nm [23] - [26] . The amplifier was fabricated using tilted ridge waveguide geometry. The 4-m ridge was formed with inductively coupled plasma etching using BCl to remove part of AlGaAs cladding. Self-alignment of the ridge was achieved by protecting it with SiNx during a wet oxidation of the remaining AlGaAs cladding layer. Ti/Pt/Au was evaporated for the metal contact to the p GaAs cap layer. The substrate was lapped and polished to a thickness of 100 m and AuGe/Ni/Au was deposited for the n-type contact. The waveguide length is 2.4 mm. The cleaved facets with a tilt angle of 6. and thus of spectral ripples. Since available lensed fibers were used for coupling without any optimization, the coupling losses were quite high and all the parameters reported below are given for the amplifier with these fiber-coupling losses de-embedded.
Electroluminescence measurements of the structure (Fig. 2 ) show a ground state peak at 1305 nm with a spectral FWHM of 65 nm, indicating good homogeneity of the QDs. The origin of the amplified spontaneous emission (ASE) power decrease at currents above 100 mA is due to heating from the parasitic series resistance. It is also possible that a gradual misalignment of the collection optics with temperature could contribute to the decrease in measured power. Nevertheless, the important point is that the position of the ground state does not change appreciably with different pump levels. A possible explanation is that any thermal red shift of the band gap is balanced by a carrier band-filling effect. The spectrum shape does not change because it is determined primarily by dot inhomogeneity, which is temperature-independent, and the excited state population is not significant. Because of the saturation of the ground state energy levels at relatively low pump levels and the resulting occupation of excited energy levels with higher state densities, the blue shift in the QD emission due to band filling could be more significant than in a quantum well (QW). Similar behavior has also been observed in experiments with the QD-SOA chip. The results obtained demonstrate the potential of QD technology for devices with high temperature stability because blue-shifting and red-shifting can be balanced.
A typical spectrum of the ASE in the QD-SOA is presented in Fig. 3 . The ASE maximum (disregarding spectral ripples) is at 1295 nm and the full-width at half-maximum (FWHM) is 50 nm. The different peak wavelengths and FWHMs between the SOA and the electroluminescence are probably due to material differences across the 2-in wafer. The Fabry-Perot spectral ripples at operating currents are quite low, 2 dB, with their period of 0.1 nm corresponding to the chip length. It is noted that the slow amplitude modulation in the ripple in Fig. 3 is an intrinsic chip feature and is not caused by interference effects from the lensed fibers used for the coupling, because neither the position nor the amplitude of the ripples are fiber tip position-dependent. The slow ripple is most probably due to wavelength-dependent backreflection because of the mode conversion on the tilted facet [33] and coupling with substrate modes due to the transparency of the GaAs wafer substrate at 1300 nm [34] . The onset of lasing at 1304.5 nm ultimately limits the maximum QD-SOA gain. This indicates that probably even higher gain and obviously lower ripples could be obtained if the chip facets were AR-coated. In Fig. 4 , the ASE spectra for no signal and in saturation are presented. For the case where a 1300-nm CW signal is injected, it is seen that the spectral broadening is quasi-homogeneous in a wide spectral range around the gain maximum. This conclusion is supported by the fact that the reduction in the ASE power occurs in a broad wavelength region around the saturating signal. Such a wide homogeneous bandwidth is rather usual for operation of an electrically pumped QD-SOA at room temperature when the dephasing time is very short [27] . In our case of CW operation, the inhomogeneous broadening due to dot size distribution is additionally masked by the carrier transport effects, which play an essential role there as could be concluded from the fact that saturation of the ASE power is significantly stronger on the blue side than on the red one. The dependence of the QD-SOA chip small-signal gain at a wavelength of 1300 nm on the current is presented in Fig. 5(a) . The gain was measured by comparing the device gain to that at transparency current ( 30 mA), which was determined by monitoring the saturation of the device transmission at high power of input signal. As the waveguide losses are low, cm , it gives only a small (maximum 2 dB) correction to the gain value. The results show a good agreement with the ON/OFF gain ( 40 dB) and the values obtained from the fiber-to-fiber gain minus the coupling losses ( 12 dB per facet), which were estimated by comparing the ASE power coupled in the fiber to the total ASE power. The high loss value is mainly because spherical fiber tapers were used while the light beam had 3:1 ellipticity. The coupling could be improved using, for example, biconic lensed fiber tapers. At currents in the vicinity of the lasing threshold (135 mA), the gain reaches the value of 18 dB cm , which is consistent with the data on the ground state saturated gain in a Fabry-Perot laser grown under similar conditions [28] . In QD lasers, gain saturation is usually determined by the complete population of the QD ground state. However, as already mentioned, heating could also cause the gain saturation effect (Fig. 2) . The gain has strong (at least 20 dB) polarization dependence, which is due to the QD gain polarization dependence-the TM gain maximum is significantly blue-shifted either because the light-hole energy levels are not confined within the heavily compressively strained QD or because of the particular shape of the dot. Only if the dot had a symmetric cross section in the direction of light propagation would the TE and TM ground state gain be equal. The problem of strong polarization-dependent gain could be relaxed using a double pass with polarization rotation or polarization diversity configurations. In Fig. 5 , the current dependence of the 3-dB gain saturation power (chip output) for a CW signal at 1300 nm is also shown together with the typical dependence of the QD-SOA gain on the output power. Values of 9 dBm output saturation power are achievable. It is comparable with that of common bulk-and MQW-SOAs but it is essentially lower than the values obtained in numerical simulations [17] . Due to the onset of the lasing and heating, strong inversion of the QD ground state and the extremely low differential gain desirable for high saturation power could not be reached in our sample. The gain recovery time was also about one order of magnitude longer than that assumed in the simulations as it will be shown further. The linewidth enhancement factor has been estimated by the shift of the ASE spectral ripples in gain saturation as illustrated in Fig. 6 . As is typical for QD devices, the linewidth enhancement factor is very low, 0.1. It is essentially lower than the typical value of 5 for an MQW-SOA, which was also measured in the same setup for a common commercially available 1300-nm MQW-SOA. From the ASE spectral density, the noise figure of the QD-SOA was estimated to be 8 dB, taking into account that the ASE is polarized.
The gain recovery dynamics of the QD-SOA sample was also studied. The pump-probe measurements were based on the beating of two pulse trains with close pulse repetition frequencies. A 1.25-GHz train of 12-ps pulses with the center wavelength of 1300 nm served as the pump. The probe pulse train of 1.5-ps pulses at 1296 nm had 1.25 GHz-125 Hz repetition frequency. The maximum temporal delay is set by the pulse repetition frequency to 800 ps. The QD-SOA gain dynamics for different currents is shown in Fig. 7 together with the results obtained for a common 1300-nm MWQ-SOA. In a conventional MQW-SOA [ Fig. 7(b) ], for pulses longer than a few picoseconds, the relaxation dynamics can be well described by a single exponent and the recovery time is strongly dependent on the carrier density. On the contrary, the recovery dynamics of the QD-SOA gain can be characterized by two time constants. Those were found to be ps ps by fitting a double exponent to the logarithm of the gain recovery profile. It is worth noting that the relaxation time constants were found to be practically independent of the driving current in the studied range. The dependence of the relaxation time constants on the input pulse energy was also studied. It was found that, for up to 4 dB of pulse gain saturation, there are no pronounced changes in the gain recovery dynamics.
The initial fast incomplete gain recovery with a relaxation time of 10 ps could be attributed to several effects. On the one hand, it could be an extensively discussed relaxation bottleneck, but usually the carrier relaxation time to the QD ground state and capture time are 1 ps or below, which is significantly shorter than the observed one. On the other hand, it could be an interdot ("tunneling") relaxation between the lateral coupled dots in a QD layer, which could be possible at room temperature at high QD densities, when coupling can lower the barrier between the QD [29] , [30] . The longer relaxation time constant corresponds to the relaxation of the total carrier density. It is worth mentioning that a similar slow component in the gain recovery of a QD-SOA was also noticed by others [11] , [27] . More detailed investigations are necessary to clarify the physics of the gain recovery dynamics, but it is beyond the scope of this paper. In particular, the second total carrier density relaxation process with a time of 140 ps would be an inhibiting factor for high-bit-rate transmission [31] similar to the case of common bulk and MQW-SOA. Probably the effect might be reduced by optimization of the structure and especially by increasing the pump current [32] . In our case, the maximum pump current was limited by the onset of lasing.
III. CONCLUSION
Parameters of a 1300-nm QD-SOA built using a 2.4-mm-long structure of six InAs-InGaAs DWELL layers with very high dot density cm have been studied. A gain as high as 18 dB with 50-nm bandwidth has been reached at low current (100 mA). The output saturation power for a CW signal is 9 dBm. The linewidth enhancement factor is below 0.1. The polarization dependence of the gain is more than 20 dB, and the noise figure is about 8 dB. Gain peak wavelength and bandwidth are practically temperature-independent.
The obtained parameters are better than or comparable to that of a common SOA. It shows prospects of QD-SOA deployment in optical networks because of the ultrafast gain recovery and the low linewidth enhancement factor, which allow us to decrease the signal distortions by cross-gain modulation and chirp generation in high-bit-rate systems.
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